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Abstract 
Chlorophyllase (CLH), which catalyzes the release of the phytol chain from chlorophyll (Chl), has 
been long considered to catalyze the first step of Chl degradation. Arabidopsis contains two 
isoforms of CLH (CLH1 and CLH2), and CLH1 was previously demonstrated to be localized in 
tonoplast and endoplasmic reticulum, and not be involved in Chl degradation. In contrast, CLH2 
possesses a predicted signal-peptide for chloroplast localization, and phylogenetic analysis of 
CLHs in Arabidopsis and other species also indicate that CLH2 forms a different clade than CLH1. 
Therefore, the possibility remains that CLH2 is involved in the breakdown of Chl. In the current 
study, clh mutants lacking CLH2 or both CLH isoforms were analyzed after the induction of 
senescence. Results indicated that the clh knockout lines were still able to degrade Chl at the same 
rate as wild-type plants. Transgenic Arabidopsis plants were generated that constitutively 
expressed either CLH2 or CLH2 fused to a yellow fluorescent protein (YFP). Observations made 
using confocal microscopy indicated that CLH2-YFP was located external to chloroplasts. 
Additionally, in overexpression plants, CLH2 was enriched in tonoplast and endoplasmic 
reticulum fractions following membrane fractionation. Based on the collective data, we conclude 
that CLH2 is not involved in Chl breakdown during senescence in Arabidopsis.  




Chlorophyll (Chl), the most abundant photosynthetic pigment, is the key component responsible 
for harvesting solar energy in photosynthetic antenna systems in green plants, and for charge 
separation and electron transport within photosynthetic reaction centers. Chl and its derivatives, 
however, are also strong photosensitizers and potentially toxic to cells if they generate excessive 
levels of reactive oxygen species (ROS) [1]. This suggests that it would be beneficial for 
chlorophyll to be promptly catabolized to non-photosensitizing forms when leaves begin to 
senesce [2]. Whether only one or multiple Chl degradation pathways exist in plants is currently 
under debate. Recent progress on Chl degradation has identified the major Chl degradation 
pathway. In this pathway, magnesium (Mg) is de-chelated from Chl a by Mg-dechelatase, encoded 
by Mendel’s green cotyledon gene, STAY-GREEN (SGR), which first converts Chl a to pheophytin 
a (Phein a) [3]. The phytol chain is then removed by pheophytinase (PPH) from Phein a to produce 
pheophorbide a (Pheide a) [4]. Subsequently, the porphyrin ring of Pheide a is oxygenolytically 
opened by Pheide a oxygenase (PAO), resulting in a loss of the green color of the molecule. The 
intermediate product, red Chl catabolite (RCC), is then degraded by a reductase (RCCR). The 
resulting product, a primary fluorescent Chl catabolite (pFCC), is modified and ultimately 
converted to nonfluorescent phyllobilins that are stored in the vacuole [2], [5].  
In addition to the major Chl degradation pathway, there is a possibility that an alternative Chl 
degradation pathway may exist. This presumption is based on the observation that some level of 
Chl degradation occurs in both SGR and PPH knockout mutants [6], [7], [4]. The first step in this 
postulated pathway is removal of the phytol chain, i.e. conversion of Chl to phytol and 
chlorophyllide (Chlide) a by chlorophyllase (CLH) activity, followed by magnesium (Mg) de-
chelation from Chlide a by Mg-dechelatase; the latter of which is suggested to be catalyzed by 
SGR-like (SGRL) [3].  
CLH activity was discovered more than 100 years ago [8]. There are two isoforms of CLH 
(AtCLH1 and AtCLH2) in Arabidopsis. It has been suggested that neither of the CLH isoforms 
are involved in Chl degradation during senescence based on the observation that absence of these 
CLHs does not affect dark-induced senescence, and that overexpressed CLH-GFP fusion proteins 
are detected outside chloroplasts in plant cells [9]. Further analysis of CLH1 localization indicated 
that it is localized in the endoplasmic reticulum (ER) and the tonoplast [10]. Thus, it was concluded 
3 
 
that CLH1 is not involved in chlorophyll degradation. Recently, a PPH homologue, 
CHLOROPHYLL DEPHYTYLASE1 (CLD1), was hypothesized to be responsible for 
dephytylation of Chl a for the recycling of chlorophyll molecules during the repair of photosystem 
II [11]. Additionally, CLD1 was also suggested to be involved in Chl degradation; however, 
overexpression of CLD1 did not result in a detectable level of Chl degradation in transgenic plants 
[11]. This raises the question: Are AtCLHs actually involved in Chl catabolism? Although 
AtCLH1 was demonstrated not to be involved in chlorophyll degradation [10], the possibility still 
remains that AtCLH2 may be involved in Chl turnover or degradation.  
Several lines of evidence indicated that AtCLH2 may function in chlorophyll degradation. 
Phenotypic analysis of clh2 mutants indicated that they exhibit a slight delay in Chl and LHCII 
degradation; indicating that CLH2 functions in catalyzing Chl degradation [9]. Additionally, 
although AtCLH2-GFP was previously observed to be localized outside of chloroplasts, those 
observations may not accurately reflect the localization of native AtCLH2 as the GFP tag may 
alter the protein [12]. A proteomic analysis also detected AtCLH1, but not AtCLH2, in vegetative 
vacuoles, and microsomal, tonoplast and lipid droplet samples [13], [14], [15]; suggesting that 
AtCLH2 may be located inside chloroplasts. AtCLH2 also possesses a typical but putative 
chloroplast transit peptide sequence [9]. Lastly, the discovery of a chloroplast enzyme named 
SGR-like that converts Chlide a to Pheide a opens up the possibility that CLH2 may contribute to 
Chl degradation [3]. Among all of this supportive evidence, intracellular localization of CLH2 is 
key to understanding the function of AtCLH2 as part of an alternative pathway for chlorophyll 
degradation. Thus far, it appears that the localization of AtCLH2 has only been investigated using 
CLH2-GFP [9] and it is known that the addition of an artificial tag may alter the targeting and 
localization of the fusion protein. Therefore, it is necessary to check the localization of native 
AtCLH2, without the addition of any artificial tag sequences, to demonstrate the actual localization 
of AtCLH2. 
In the present study, our objective was to examine the subcellular localization of the native form 
of AtCLH2 and determine if AtCLH2 functions in Chl degradation or turnover in vivo. 
Observations of the phenotype of single and double knockout mutants of AtCLHs indicated that 
no significant effect on Chl breakdown during dark-induced senescence could be detected in the 
CLH2 mutant lines relative to their respective wild-type plants. Furthermore, we demonstrated 
through the use of isolated organelles and membrane fractions, that native AtCLH2 is located in 
4 
 
both the tonoplast and the ER. Collectively, the data indicate that AtCLH2 is not involved in Chl 
metabolism in Arabidopsis. The probable physiological role of AtCLH2 is discussed.  
2. Materials and methods 
2.1. Plant material 
The Arabidopsis T-DNA insertion line FLAG_076H05 [designated clh2-1; ecotype Wassilewskija 
(Ws)] and clh1-1/2-1, described by Schenk et al. [9] was used in the current study along with wild-
type Ws and Columbia (Col). Plants were grown in soil under long days (16 h light/8 h dark) or 
short days (10 h light/14 h dark) in growth chambers under fluorescent lights (70–
90 μmol photons m−2 s−1) at 23 °C for 4 weeks. To conduct the senescence experiments, leaves 
with three biological replicate from each long day-grown plant were detached and placed on wet 
filter paper (3 mM MES buffer, pH 5.8, with or without 50 μM MeJA) and incubated in complete 
darkness for up to 4 days. 
2.2. Pigment analysis 
Leaves were imaged with a digital camera and leaf area was calculated using image J software 
(https://imagej.nih.gov/ij/). Pigments were extracted from leaf tissues by homogenization in pre-
cooled acetone at -30 ºC as described by Hu et al. [16] . Extracts were centrifuged for 5 min at 
15,000 ×g at 4 °C, and the supernatant was analyzed by HPLC using a Symmetry C8 column (150 
mm in length, 4.6 mm in i.d.; Waters, Milford, MA, USA) according to the method of Zapata et 
al. [17]. Elution profiles were monitored by measuring absorbance at 410 nm. Standard pigments 
(Chl a and Chl b) were purchased from Juntec Co. Ltd. (Odawara, Japan). 
2.3. Arabidopsis transformation 
AtCLH2 was cloned from complementary DNA (cDNA) of wild-type Col. YFP was cloned from 
the pEarleyGate101 plasmid by PCR [18] . The C-terminal fusion (AtCLH2-YFP) construct was 
generated by fusing the YFP sequence to the C-terminus of AtCLH2, and then the 5’UTR and 
3’UTR of AtCLH2 were fused to the N and C-terminus of the fusion sequence, respectively. The 
fusion sequence and cDNA of AtCLH2 without any tag were put into pENTR4-Dual. The construct 
was cloned into pENTR using a LR clonase reaction and transferred into the expression vector, 
pEarleyGate100, containing a gene conferring glufosinate (Basta) resistance [18]. The constructs 
were confirmed by sequencing. The recombinant binary vectors containing AtCLH2-YFP and 
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AtCLH2 were introduced into Agrobacterium (Rhizobium radiobacter) strain GV2260 and 
GV3101, respectively. Arabidopsis was transformed using the floral dip method [19] and two-
week-old seedlings of putative transformants were selected with Basta to identify positive 
transformants.  
2.4. Localization of AtCLH2-YFP with confocal microscopy 
Protoplasts were isolated, as described by Robert et al. [20], from fully-expanded leaves of four-
week-old plants grown under long-day conditions. Expression and localization of AtCLH2-YFP 
protein in transgenic plants was determined by confocal fluorescence microscopy (Nikon D-
Eclipse C1si confocal microscope, Nikon, Japan) using a 488 nm excitation wavelength and 
emission wavelengths of 496 to 706 nm were collected. 
2.5. Separation of membrane and soluble fractions 
Leaves from four-week-old plants grown under short days were harvested and lysed in liquid 
nitrogen using a mortar and pestle. The fractions were prepared as previously described [21]. 
Briefly, leaves were homogenized in a mixture containing 100 mM MOPS-NaOH (pH 7.0), 1 mM 
MnCl2, and a protease inhibitor cocktail (Sigma), and then centrifuged at 3,000 ×g for 10 min at 
4°C. Supernatants were subsequently centrifuged at 160,000 ×g for 60 min at 4°C to generate a 
membrane (pellet) fraction and a soluble (supernatant) fraction. 
2.6. Isolation of intact chloroplasts and vacuoles 
Rosette leaves were obtained from four-week-old plants grown under short days. Intact 
chloroplasts were prepared according to the method described by Salvi et al.,[22]. Briefly, leaves 
were homogenized in isolation buffer containing 20 mM Tricine-NaOH (pH 8.0), 0.45 M sorbitol, 
10 mM EDTA, 1 mM NaHCO3, 0.1% (w/v) BSA, 0.05% (w/v) DTT, and 0.05% (w/v) PVP. The 
homogenate was filtered through four layers of Miracloth and then centrifuged at 1,000 ×g for 5 
min. The pellet was suspended in a wash buffer containing 20 mM MOPS-NaOH (pH 7.6), 0.33 
M sorbitol, 5 mM MgCl2, and 2.5 mM EDTA. After a Percoll density gradient centrifugation, 
intact chloroplasts were collected from the interface between 40% and 80% Percoll. The intact 
chloroplast suspension was washed twice and then the chloroplasts were osmotically ruptured in a 
swelling buffer containing 10 mM MOPS-NaOH (pH 7.6) and 4 mM MgCl2. Intact vacuoles were 
prepared as described by Robert et al. [20]. Fully-expanded leaves were cut into 2 mm strips and 
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placed in a protoplast enzyme solution containing 0.4 M mannitol, 10 mM MES (pH 5.6), 27 mM 
CaCl2, 1% (w/v) cellulose, 1% (w/v) macerozyme, and 0.035% (v/v) β-mercaptoethanol. A 
vacuum was applied for 10 min, and then the leaf strips were incubated in the dark at room 
temperature on a rotary shaker at 70 rpm for another 4 h. The released protoplasts were passed 
through a 150 µm mesh filter and centrifuged at 80 ×g for 20 min at 20 °C. Protoplasts were 
washed two times in a washing buffer (0.4 M mannitol, 10 mM MES, pH 5.6) and then 
resuspended in 10.5 ml pre-warmed (37 °C) lysis buffer (0.2 M mannitol, 10% (w/v) Ficoll, 10 
mM EDTA, 5 mM sodium phosphate, pH 8.0). After 5 min, 3 ml of the solution was overlaid with 
3 ml 4% (w/v) Ficoll solution and 1 ml ice-cold vacuole buffer (0.2 M mannitol, 2 mM EDTA, 5 
mM sodium phosphate, pH 7.5). The gradient was centrifuged at 71,000 ×g for 50 min at 10°C. 
Vacuoles were visible as a pink layer at the interface between 10 and 4% Ficoll. Protein 
concentrations were determined by the Lowry method [23], using bovine serum albumin (BSA) as 
a protein standard. 
2.7. Membrane fractionation 
Arabidopsis leaves used for membrane fractionation were grown in soil for 28 d under short-day 
conditions. The utilized fractionation method was previously described with some modifications 
[21], [24]. Leaf tissues were homogenized in a buffer containing 50 mM Tris (pH 7.6), 20% (v/v) 
glycerol, and 150 mM NaCl with either 5 mM MgCl2 and 2 mM EGTA (for subsequent sucrose 
(Suc) gradient separation in the presence of Mg2+) or with 2 mM EDTA (for subsequent Suc 
gradient separation in the absence of Mg2+). Leaves were homogenized in a blender (Waring 
Laboratory & Science) three times at low speed using a 10-fold greater amount of buffer than 
sample. Homogenates were filtered through two layers of Miracloth (Merck) and then centrifuged 
for 10 min at 10,000 ×g at 4°C. Supernatants were ultra-centrifuged for 30 min at 100,000 ×g at 
4 °C. The resulting pellets were resuspended (0.5 mL/g) in a buffer containing 50 mM MOPS-
NaOH (pH 7.0), 10% (w/v) Suc, EDTA-free complete protease inhibitor cocktail (Roche 
Diagnostics GmbH), and either no MgCl2 or 5 mM MgCl2. The suspension was then centrifuged 
at 6000 ×g for 3 min to remove unsuspended small pellets. A total of 600 µl of the supernatant was 
loaded on top of the following discontinuous Suc gradient (from bottom to top): 200 µl of 55% 
Suc, 450 µl of 50%, 45%, 40%, 35%, 30%, 25%, and 20% Suc solution along with the same 
components as the resuspension buffer. The gradient was centrifuged in a bucket rotor (Beckman 
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TLA100.2) for 20 h at 100,000 ×g at 4 °C. After centrifugation, the gradient was collected in 200 
µl increment fractions from top to bottom, and the fractions were stored at -30 °C until used in the 
immunoblot analysis. 
2.8. Immunoblot analysis 
Total protein was extracted from leaves using 10 volumes (v/w) of protein extraction buffer 
containing 50 mM Tris-HCl (pH 8), 12% (w/v) Suc, 2% (w/v) lithium lauryl sulfate, and 1.5% 
(w/v) dithiothreitol. Prior to SDS-PAGE separation, protein extracts were mixed with an equal vol. 
of 2×Ling's urea buffer containing 10 mM Tris-HCl (pH 8.0), 10% (w/v) Suc, 2% (w/v) SDS, 1 
mM EDTA, 4 mM dithiothreitol, a small amount of bromophenol blue, and 10 M urea. Proteins 
were separated on a 14% (w/v) polyacrylamide gel and electroblotted to polyvinylidene difluoride 
membranes. For immunoblots with the subfractions of cells, the following amounts of proteins 
were loaded: membrane and soluble fractions and vacuole samples, 4 µg of proteins; leaf and 
chloroplast samples, 16 µg of protein. For immunoblots with membrane fractions, the same 
volume of each fraction was loaded on a 14% polyacrylamide gel. AtCLH2 protein was detected 
with anti-AtCLH2 antiserum produced in rabbits against recombinant Arabidopsis CLH2 
expressed in Escherichia coli. The type of membrane in the immunoblot was determined using a 
set of commercial polyclonal rabbit antibodies (Agrisera) against specific markers: ER luminal 
BiP2 (Agrisera), Plasma membrane (PM) marker H+-ATPase (Agrisera), tonoplast marker V-
PPase (Cosmo Bio, Inc.). Thylakoid membranes were identified by HPLC analysis of Chl content 
[17].  
2.9. Phylogenetic analysis  
The protein sequences used for phylogenetic analysis were aligned using CLUSTAL W [25]. The 
alignment was further optimized by manual inspection and curation. The phylogenetic tree was 
generated with the MEGA X program, using the neighbor-joining method [26]. All gaps and 
missing data in the alignments were accounted for by pairwise deletion. Branch points were tested 
for significance by bootstrapping with 1000 replications.  
 
Results: 
Phylogenetic analysis of CLHs  
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A total of 25 previously-identified CLHs from 14 plant species were subjected to phylogenetic 
analysis to examine the evolutionary relationships between different CLHs (Figure S1). The 
analysis indicated that CLH1 and CLH2 sequences formed distinct clades, indicating that CLH2s 
are phylogenetically distinct from CLH1s. Thus, we hypothesized that CLH2 may have a different 
sub-cellular localization and function than CLH1s. 
 
clh2 knockout lines degrade Chl at the same rate as wild-type (Ws) plants during dark-
induced senescence 
In a previous study, a slight inhibition in Chl degradation was observed in clh1/clh2 double 
knockout lines and in a clh2-1single knockout line, but not in clh1-1 and clh2-2 single mutants  
[9]. The difference between the rate of chlorophyll degradation during dark-induced senescence in 
the clh1-1/2-2 double knockout mutant and the Col wild type ecotype, however, was not 
significantly different; regardless if the dark-treated leaves were also exposed to methyl-jasmonate 
(MeJA) [10]. Since the clh2-1 mutant was derived from a Ws background, and the phenotype and 
leaf characteristics of clh1-1/clh2-1 are more similar to Ws than to Col, we compared the rate of 
Chl degradation of the clh2-1 mutant with the Ws wild ecotype (Fig 1A).  
All of the leaves from four-week-old plants grown under long–day conditions were detached and 
placed in darkness for 4 d. Leaves of clh2-1 and clh1-1/2-1, as well as the wild-type, turned yellow 
during the dark incubation. The average Chl content per unit area of leaves collected before and 
after the dark incubation was measured to quantify and compare changes in Chl content in the 
different lines (Fig. 1). Results indicated that Chl degradation was not inhibited in clh2-1 mutants. 
The decrease in Chl content in clh2-1 and clh1-1/clh2-1 leaves in response to the dark incubation 
was similar to the level of degradation observed in Ws leaves. The decrease in Chl content in clh2-
1 and clh1-1/clh2-1 leaves was also similar to Ws leaves when both were exposed to MeJA during 
the dark period. Previously, however, the decrease in Chl content in clh2-1, clh1-1/2-1 was 
reported to be less than the level of degradation observed in Col during dark incubation [9]. Since 
the genetic background of clh2-1 is Ws, results of our study clearly indicate that the rate of Chl 
degradation in clh2-1 and clh1-1/2-1 leaves was similar to Ws leaves.  
AtCLH2-YFP is located outside the chloroplast  
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AtCLH2-YFP (C-terminal fusion) was over-expressed in Arabidopsis to determine its subcellular 
localization. Protoplasts were isolated from leaves of lines in which AtCLH2-YFP was stably over-
expressed and examined with confocal microscopy. It was clear, based on the observation of the 
fluorescent signals, that the fluorescence of YFP (green) was located outside the chloroplast (red), 
and thus supposedly located in the cytosol (Fig. 2). This observation is in agreement with the 
results of a transient expression experiment reported by Schenk et al. [9]. As previously indicated, 
however, it is possible that the fusion of YFP or GFP to CLH2 may affect its intracellular 
localization. 
AtCLH2 is localized to both tonoplast and ER membranes 
The subcellular localization of native AtCLH2 (without any modification) was examined in 
Arabidopsis to determine if the localization of the AtCLH2 using confocal microscopy was 
affected by either the YFP (current study) or GFP tag [12]. Total protein extracts from Col leaves 
were prepared and the level of AtCLH2 was examined by immunoblotting using anti-CLH2 
antibody. Results indicated, however, that the level of AtCLH2 was below the detection limit. 
Therefore, in order to detect native AtCLH2 and to avoid potential interference of AtCLH1 in the 
immuno-detection, AtCLH2 was overexpressed in a clh1-1 background in which AtCLH1 is 
lacking. Membrane and soluble fractions were prepared from CLH2-OX overexpressing lines and 
subjected to immunoblot analysis. Results indicated that AtCLH2 was mainly detected in the 
membrane fraction with very little detected in the soluble fraction (Fig. 3). The marker proteins, 
BiP2 for ER and V-PPase for the tonoplast, were also mainly detected in the membrane fraction; 
although a minor amount of BiP2 was also detected in the soluble fraction. These results indicate 
that AtCLH2 may be localized to ER membranes.  
Subsequently, both intact chloroplasts and vacuoles were isolated from leaves of the clh1-1 mutant 
and CLH2-OX overexpressing line, and were used to determine localization of AtCLH2 by 
immunoblotting. AtCLH2 was concentrated in the vacuole fraction of CLH2-OX, while AtCLH2 
was barely detected in the chloroplast fraction (Fig. 3). This result indicates that AtCLH2 is 
localized to the tonoplast and not the chloroplast (Fig. 3). A low level of signal for both BiP2 and 
CLH2 were detected in the chloroplast fractions; however, we speculate that this was due to a low 
level of contamination of the chloroplast preparations with ER membranes resulting in faint 
immunoblot signals from ER-located CLH2 in this fraction. 
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To further confirm the tonoplast (and possible ER) localization of AtCLH2, membranes were 
fractionated by sucrose (Suc) density gradient centrifugation. The distribution of CLH2 and marker 
proteins in the fractionated membranes was then analyzed by immunoblotting. Most of AtCLH2 
immunoblot signal was detected in fractions No.11-15 when Mg+ was not present in the buffer 
used in the Suc density gradient. This recognition profile was most similar to profile obtained for 
the tonoplast marker V-PPase (most appeared in fraction No. 9-15) (Fig. 4). 
Subsequently, total subcellular fractions were obtained from leaves using buffer containing Mg2+. 
Association of ribosomes with the ER is Mg2+-dependent, i.e. presence of Mg2+ in the extraction, 
and centrifugation gradient buffers results in an association of ribosomes with the ER and a 
diagnostic redistribution of ER from lower to higher density in the Suc gradient [27], [28]. Results 
indicated that the position of the membrane-bound fraction of the ER marker BiP2 had shifted to 
heavier positions when the addition of Mg2+ was used in the extraction buffer. Whereas, the pattern 
obtained for the markers of the plasma membrane and the tonoplast were largely independent of 
the presence of Mg2+ ions, with only a slight shift observed from lower to higher density fractions 
of the gradient (Fig. 4). Relative Chl content, used as a marker for chloroplast thylakoid 
membranes, also did not exhibit a significant shift. Notably, the position of AtCLH2 in the gradient 
also exhibited an obvious shift. When Mg2+ was used in the extraction buffer and thus present in 
the Suc density gradient, the peak of the AtCLH2 immunoblot signal shifted to fraction No.15; 
which was much different from the fraction exhibiting the highest V-PPase immunoblot signal 
(fraction No. 11), but overlapping with fraction containing the peak immunoblot signal of BiP2. 
These results suggest that, in addition to the tonoplast, some AtCLH2 is also localized to the ER. 
Collectively, the data indicate that AtCLH2 is mainly localized to tonoplast and partly to the ER.  
 
Discussion: 
We previously demonstrated that AtCLH1 is localized to the tonoplast and ER, and that it is not 
involved in chlorophyll degradation during leaf senescence [10]. In the present study, a 
phylogenetic analysis revealed that CLH2 sequences from different plant species are 
phylogenetically distinct from CLH1s (Figure S1). We also determined that, although CLH2 has 
a predicted transit peptide sequence for the chloroplast, it is localized to the tonoplast and ER and 
is not involved in Chl degradation during senescence. 
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The phenotype of clh2-1 and the clh1-1/2-1 double mutant did not exhibit any inhibition of 
chlorophyll degradation during dark-induced senescence, compared to the phenotype of wild type 
Ws plants, either in the absence or presence of MeJA (Fig. 1). Based on the obtained data, we 
conclude that AtCLH2 is not involved in Chl degradation in either dark-induced or MeJA-induced 
senescence. 
CLH2-RNAi plants have been reported to exhibit a decreased level of Chlide without a substantial 
change in the total amount of extractable Chl. As a result, the CLH2-RNAi plants have a lower 
ration of Chlide to Chl in their leaves [29]; suggesting that AtCLH2 may be involved in Chl 
turnover, but not in Chl degradation. For example, AtCLH was hypothesized to function in a 
salvage pathway for Chlide [30]. That study indicated, however, that neither AtCLH1 or AtCLH2 
are involved in this pathway [30]. To further explore if AtCLH2 is involved in Chl metabolism in 
the current study, the subcellular localization of AtCLH2 was investigated, since it has been 
hypothesized that Chl, the proposed substrate for CLH2, is degraded to a colorless intermediate 
inside the chloroplast [31]. Previous research demonstrated that the properties of proteins fused to 
fluorescent protein tags may be altered from the native form of the protein, leading to aberrant 
localization, aggregation, and metabolic alterations [12]. Interestingly, when senescent mesophyll 
protoplasts were used for examining the localization of the green fluorescence of AtCLH2-GFP 
that was transiently expressed, it was sometimes found in cytoplasmic vesicles [9]. Similarly, we 
also observed the presence of AtCLH2-YFP in cytoplasmic vesicles in the current study (Fig. S2), 
possibly reflecting the aberrant localization and/or aggregation of AtCLH2-YFP. Therefore, it was 
important to determine the subcellular location of native AtCLH2 without any modifications.  
Our results indicate that the protein level of AtCLH2 in wild-type leaves was below a level that 
could be detected with anti-CLH2 antibody. Therefore, native AtCLH2 was overexpressed in wild-
type plants to determine the subcellular localization of AtCLH2. Results indicated that, like 
AtCLH1 [10], AtCLH2 was also localized outside of chloroplasts. More specifically, AtCLH2 
appears to be localized to tonoplast and ER membranes (Fig 3 and 4). CLH was found as a 
glycoprotein in the diatom, Phaeodacylum tricornutum [32], [33] and native CLH in Chenopodium 
album (CaCLH) was assumed to be modified by glycosylation at an Asn residue. This observation 
suggests that a modification (glycosylation) occurs in the ER, since the ER is a major site for the 
glycosylation of proteins. Tsuchiya and coworkers unsuccessfully used heterologous screening of 
a cDNA library in an attempt to isolate CaCLH, the gene encoding chloroplast-type CLH in 
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Chenopodium album [34]. CaCLH possesses a signal sequence at the N terminus for the ER, 
however, no sequence is present for ER retention. Since 11 amino acid residues exist between the 
putative ER cleavage site and the N terminus of the putative mature CaCLH, it was assumed that 
CaCLH is transported to other organelles, such as the vacuole [34]. Because of the similar 
subcellular localization of AtCLH1 and AtCLH2, it is possible that both of them are transported 
to the tonoplast via the ER, although no predicted signal sequence for ER localization is present at 
the N terminus. Many proteins, however, locate to the ER despite the lack of a signal peptide. For 
example, phenylalanine ammonia lyase (PAL1), which is involved in lignin biosynthesis, was 
demonstrated to be associated with ER membranes despite not having a predicted ER signal 
sequence [35].  
It was also suggested that Chl may be transported outside of chloroplasts and is then degraded by 
(extra-plastidial) AtCLH [36]. Chl, however, appears to be degraded to a colorless intermediate 
inside of chloroplasts [2], except for a few situations in tobacco and Arabidopsis where some Chl 
or its green derivatives are detected in vacuoles [37], [38], [39]. Chl a in tobacco was detected in 
‘senescence-associated vacuoles’ (SAVs) in cells of leaves senescing at a relatively slow rate in 
non- ethephon treated leaves but not in cells of ethephon-treated leaves; suggesting the existence 
of an alternative non-plastid pathway for Chl degradation that occurs within SAVs only under 
certain conditions [37]. More recently, in vitro incubation of isolated SAVs in darkness has been 
recently reported to initially cause a substantial increase in the level of Chlide a [39], implying 
that CLHs may be involved in the process of Chl degradation that takes place in SAVs. Small 
chloroplasts exhibiting Chl autofluorescence were detected in Arabidopsis inside vacuoles when 
senescence was rapidly induced in individually darkened leaves [38]. Similarly, entire 
photodamaged chloroplasts with Chl autofluorescence were observed to be transported to the 
central vacuole by autophagy, and absent in autophagy-impaired mutants [40]. How Chl is 
degraded inside of a vacuole is still unknown. Considering the relatively high activity of CLHs, 
and that the level of Chl and Chlide a, the major pigments in SAVs, increase slowly during the 
incubation of isolated SAVs [39], it seems plausible that CLHs are not involved in autophagy-
mediated Chl degradation. Instead, it is more likely that CLHs are involved in other processes, 
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Legends to the Figures 
Figure 1. Chlorophyll degradation in leaves of clh2-1, clh1-1/clh2-1 and wild type (Ws) plants 
during dark-induced senescence. Chlorophyll levels in leaves of four-week-old plants after 4 d of 
dark-induced leaf senescence in the absence (B and E) or presence (C and F) of 50 µM MeJA, 
compared to chlorophyll levels prior to the induction of leaf senescence (A and D). Leaf images 
are shown at top (A-C), and chlorophyll levels of the corresponding leaves are shown at the bottom 
(D-F). Leaf number refers to oldest (bottom of plant) to youngest (top of plant) leaves. The oldest 
(Nos. 1 and 2) and youngest (Nos. 9 and 10) leaves were pooled prior to chlorophyll extraction 
and chlorophyll measurement. Data represent the mean ± SD (n = 3).  
Figure 2. Subcellular localization of CLH2-yellow fluorescent protein (YFP) fusion protein 
(green fluorescence). Protoplasts were prepared from leaves of plants constitutively expressing 
CLH2-YFP. Red fluorescence is chlorophyll autofluorescence. 
Figure 3. Subcellular localization of CLH2 in isolated organelles obtained from leaves of 
Arabidopsis after 28 d of growth. Leaf tissue from CHL2-OX /clh1-1 plants was fractionated into 
membrane (P10 and P100), soluble (S100), chloroplast and vacuole fractions for the analysis of 
CLH2 localization. Total leaf, chloroplast, and vacuole fractions were prepared from leaves of 
both chl1-1 and CHL2-OX/clh1-1 (CLH2-OX) plants. A total of 4, 16, 16 and 4 𝜇𝑔 of protein 
were used from membrane/soluble, leaf, chloroplast, and vacuolar samples, respectively, and 
17 
 
loaded on an SDS-PAGE gel. The blotted membrane was then immunologically probed with anti-
CLH2, anti-V-PPase, anti-LHCI type I chlorophyll a/b-binding protein (Lhca1), anti-luminal-
binding protein2 (BiP2) and anti-Rubisco large subunit antisera. 
Figure 4. Localization of CLH2 in fractionated membranes from leaves of CHL2-OX/clh1-1 plants 
grown for 28 days. Cellular membranes were separated into 20 fractions by sucrose density 
gradient centrifugation of microsomal fractions in the presence (+Mg2+) or absence of Mg2+ (–
Mg2+). Odd-numbered fractions were analyzed by immunoblotting with anti-CLH2, anti-H+-
ATPase, anti-BiP2, and anti-V-PPase antibodies. Thylakoid membrane concentrations are 
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